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Abstract

A high-energy atmospheric physics phenomenon, referred to as a terrestrial
gamma ray ash (TGF), is associated with lightning and produces large
bursts of energetic photon radiation. TGFs will be investigated using a suite
of gamma-ray instruments designed and constructed to y on ten United
States Air Force (USAF) WC-130J Hurricane Hunter aircraft as part of
an aircrew ionization study led by the Air Force Institute of Technology
(AFIT) and the United States Air Force School of Aerospace Medicine (US-
AFSAM), in cooperation with the 53rd Weather Reconnaissance Squadron
(WRS). Each instrument consists of one Nal and one plastic detector, a
GPS timing device, and an instrument computer that performs data acqui-
sition. High Elevation Radiation Array (HERA) detectors will be employed
to maximize the chances of observing TGFs near their source and to gain
a better understanding of their origin, mechanism, ubiquity, and to assess
potential hazards posed to military and commercial aircrew and passengers.
The HERA program, deployed on 10 separate Air Force aircraft over a multi-
year campaign, will result in thousands of observational ight hours and be
the largest concerted e ort to date to observe TGFs in situ through aircraft
observations. In this paper, we give an overview of the scienti ¢ goals of this
campaign and how the HERA instruments have been designed to meet those
goals. We include a detailed description of the HERA instrument, along with
mass model and signal processing simulations.

Keywords: Terrestrial Gamma-ray Flash, Lightning, High Energy
Atmospheric Physics
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1. Introduction

X-ray and gamma-ray emissions from storm clouds and lightning occur
routinely, ranging over timescales from microsecond bursts of X-rays asso-
ciated with lightning leaders to seconds- to minutes-long glows of gamma
radiation that span kilometers in breadth associated with the ambient back-
ground elds of the storm cloud. The most dramatic of these thunder-storm
radiation events is the terrestrial gamma-ray ash (TGF). Unlike the short
(1-2 s) burst of lightning leader emissions or the relatively long 'glows’ asso-
ciated with large background electric elds, the TGF occurs on a timescale
of 10s to 100s of s and is several orders of magnitude brighter than both
stepped-leader X-rays and the longer duration glows [1, 2, 3]. It is under-
stood that TGFs are generated via bremsstrahlung from energetic runaway
electrons accelerated by a combination of high amplitude electric elds at
the tips of lightning leader channels and the ambient electric eld of the
storm cell. These bursts of photon radiation (up to 40 MeV) are typically
associated with lightning ashes [4, 5, 6, 7], during which their brief emission
can emit upwards of 10*® photons above 1 MeV [8, 9, 10, 11]. Their distri-
bution of energy follows a power law with an exponential cut-o starting at
roughly 10MeV. The underlying physics of this distribution is explained via
the relativistic runaway electron avalanche (RREA) model [12, 13], and was
con rmed by Dwyer and Smith 2005 when comparing Monte Carlo simula-
tions of RREA distributed TGFs to real TGF observations from the Reuven
Ramaty High Energy Solar Spectroscopic Imager (RHESSI) satellite.

The vast majority of TGF observations are made by orbital platforms like
the Gamma-ray Burst Monitor onboard the Fermi sattelite, RHESSI, the
Atmosphere-Space Interactions Monitor (ASIM) and others [14, 15, 16, 17].
These are primarily observations of upward directed TGFs associated with
positive intra-cloud (+1C) lightning in the altitude range of 10-20km. How-
ever, there have been a number of ground based observations of downward
directed TGFs with source altitudes ranging from 1-6km in altitude and as-
sociated with several di erent types of lightning including both negative and
positive intra-cloud (-1C, +IC), and cloud to ground (-CG, +CG) lightning.
[18, 19, 20, 21, 22, 23] and along with several rocket-triggered lighting ob-
servations [24, 25]. There have also been observations of TGFs producing a
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reverse beam associated with the production of positrons [26, 27, 28] allowing
for the possibility of observing upward-directed TGFs from below.

In the area of a thundercloud where a TGF is generated, modeling esti-
mates suggest possible radiation doses of up to 100 mSv [29, 30] or more,
and recently a study speci cally focused on TGFs initiated by positive light-
ning leaders found that such events could produce radiation doses in excess
of 1 Sievert [31]. A general estimate provided by various radiation protec-
tion agencies is that aircrew can receive between 2 to 5 millisieverts (mSv)
of radiation dose per year [32]. For comparison, the average person receives
about 2.4 mSv per year from all natural background radiation, including
radon gas, cosmic radiation from space, and terrestrial sources [33]. How-
ever, ight crew working on high-altitude and polar routes may receive more
than the average. The International Commission on Radiological Protection
(ICRP) recommends an occupational exposure limit of 20 mSv per year, av-
eraged over de ned periods of 5 years, with no single year exceeding 50 mSv.
Acute doses between 150 mSv and 500 mSv typically manifest no determin-
istic or acute e ects, yet result in statistically signi cant increases in cancer
mortality[34].

A recent Department of Defense report identi ed certain elevated cancer
risks for military aircrew compared to the general public, motivating further
study of possible cancer risks that disproportionately a ect aircrew [35]. In
addition, according to the National Oceanic and Atmospheric Administra-
tion (NOAA) commercial aircraft are struck by lightning an average of one to
two times per year. The risk of such large radiation doses necessitates further
investigation. The critical open questions for evaluating whether TGFs pose
a signi cant hazard to military or civilian aircrew include whether TGFs are
common or rare, what their mechanism of production is, and how large the
region of their generation (the smaller it is, the more concentrated the radia-
tion dose), and importantly, whether TGFs are more or less likely to occur in
the of lightning that strikes directly or near to aircraft. Although there exists
a large data set of orbital observations, only two observations of TGFs from
aircraft [36, 26] have been published as of this writing, and only a handful
of events have been observed from the ground [18, 19, 20, 37, 21, 22, 23] at
a distance of a few km. It should be noted that the very successful ALOFT
airborne campaign recently presented, at the American Geophysical Union
2023 Fall meeting, impressive TGF and glow observations from a tropical
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storm in the Caribbean, but as of the submission of this work published re-
sults are not available to cite.

In situ TGF observations are challenging. Unlike orbiting spacecraft, where
the distance from the TGF source allows for a much larger radius of detec-
tion, ground and airborne instruments are limited by a detection radius of
several km at most. Furthermore, if a TGF occurs within that limited view,
its proximity to the instrument poses signi cant count rate and dead-time
challenges. The majority of TGF ground observations su er from at least
partial detector saturation or paralysis during the brightest portion of the
event. Although orbital observations have provided large data sets and con-
tinue to contribute to our understanding of the TGF mechanism, there are
clear advantages to observations made within a few km of the TGF source if
these observational challenges can be overcome. They include the ability to
observe the varied phenomena associated with TGFs such as photoneutrons
[19], positrons, and certain radioactive decay elements [20] and obtain pho-
ton arrival time distributions una ected by the 100’s of km of atmospheric
transport between storm cloud altitudes and orbital spacecraft; the latter of
which is crucial to understanding possible dose rates. In the following, we
discuss the HERA mission and instruments in detail and how they are meet-
ing the observational challenges described. Section 2 discusses the planned
deployment of HERA detectors. Section 3 gives a detailed overview of the
hardware and rmware of the HERA instrument, while Section 4 describes
the instrument response and software tools used to simulate the signal pro-
cessing of the HERA electronics.

2. Mission Summary

The High Elevation Radiation Array (HERA) detectors are intended to
increase the likelihood of detecting TGFs close to their source. To do this,
ten instruments have been designed and constructed to y on ten separate
USAF WC-130J Hurricane Hunter aircraft as part of an aircrew ionization
study conducted by the Air Force Institute of Technology (AFIT) and the
United States Air Force School of Aerospace Medicine (USAFSAM) in col-
laboration with the 53rd Weather Reconnaissance Squadron (WRS). The
mission of the 53rd WRS is to monitor tropical storms and hurricanes in
the Atlantic Ocean, the Caribbean Sea, the Gulf of Mexico and the central
Paci ¢ Ocean for the National Hurricane Center. The unit also ies winter



storm missions o both coasts of the United States.

The WC-130J aircraft are out tted for weather reconnaissance missions.
They are equipped with palletized weather instruments for gathering me-
teorological data including temperature, humidity, barometric pressure, and
wind data. The aircraft penetrate these storms and hurricanes at altitudes
varying between 500 and 10,000 feet (151.7 to 3,033.3 meters) above sea level,
depending on the storm’s strength. A typical weather reconnaissance ight
lasts around 11 hours, covering approximately 3,500 miles. The number of
planes deployed for a speci ¢ mission varies depending on the amount of
weather activity that requires tracking across the region covered by the 53rd
WRS. The HERA campaign is intended to be a ’ride-along’ instrument on
the 53rd WRS year-round mission and will be semi-permanently installed for
multiple years of observations. This means that HERA will be able to take
advantage of the thousands of ight hours on all ten of the 53rd WRS air-
craft on a year-round basis. The HERA instruments will be own through
some of the most active TGF regions in the world in the Caribbean and
Gulf of Mexico along with areas in the Paci ¢ and more northerly Atlantic
that have received limited attention and lack satellite coverage. It is also pos-
sible that two aircraft can be deployed in the same storm region concurrently.

The number of ight hours and year-round mission of the 53rd WRS will
enable the gathering of large data sets and increases the probability of in-
situ TGF observations. The relatively low altitude of these ights means that
we may not be able to observe upward +IC associated TGFs at higher alti-
tudes. Furthermore, as mentioned earlier, by ying directly into the storm
the observational eld of view is much smaller than if we were able to vy 5-
10km above the storm top altitude, which could result in fewer observations
per ight.

The HERA instruments will be mounted directly behind the ight cabin of
the WC-130J against the forward bulkhead, The instrument arrays are com-
posed of a plastic and a Nal(TI) scintillator. The plastic material was chosen
for its speed and a ordability for larger volumes, while the Nal detector was
selected for its e ciency at higher energies and its capacity to measure the
full photo peaks of incident energy. The signal processing electronics were
designed with TGF detection in mind to handle high count rates, take data
continuously, and capture digitized PMT trace output when self-triggered
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by a high count rate event which will be discussed in the following section.
In addition a GPS receiver is integrated into the system to provide precise
timing and location.

3. Instrument

Each HERA instrument consists of a plastic EJ200 scintillator (2.5 x 2.5
x 12 in) and Nal(TIl) scintillator (2 x 2 in cyl.) mechanically coupled to a
10 stage photomultiplier tube (PMT). The detectors and related hardware
are housed in a steel box to protect against lightning-induced EMI (see Fig-
ure 1). All components are mounted to an aluminum base plate using 3D
printed carbon ber brackets. The base plate is mounted to the steel instru-
ment box with rubber vibration isolators. Each PMT waveform is sampled
by a 40 MHz analog to digital converter (ADC) with a eld programmable
gate array (FPGA) which acquires and manages the digitized trace samples.
There is a trace value referred to as the pulse threshold. Any pulse with an
amplitude that exceeds this threshold is integrated by the onboard FPGA
to produce a continuous list-mode data output of ADC energy word and
ADC clock timestamp for each photon event. The list-mode data is writ-
ten to two alternating bu ers of the FPGA to allow for readout and writing
to the instrument computer without data loss. This is typical of deployed
instruments, such as those on satellites, where continuous data collection
necessitates a high degree of data economy. However, high luminosity, i.e.
high count rate, events such as close proximity TGFs present a challenge to
data interpretation that is best addressed by full detector traces rather than
list-mode data.

The parallel processing capabilities of the FPGA are leveraged to allow
HERA to self-trigger the recording of roughly 700 s of the digitized PMT
trace when certain trigger conditions are met. For high count rate events the
ratio of trace samples that are above the previously mentioned pulse thresh-
old to samples below the threshold will be quite large. As a separate process
in the FPGA, the ADC digitized trace sampling is continuously written to a
circular bu er. The self-trigger mechanism works as follows. For every trace
sample that exceeds the pulse threshold, a counter is incremented by 100.
For trace samples below the pulse threshold, the counter decrements by 1
to a base value of 0. When the detector experiences high count rates, the
counter will quickly increase to larger and larger values, i.e. the time over



threshold (TOT) is high. A parameter for the counter, stored as a register
in the FPGA, is set such that the parameter being exceeded triggers the
circular bu er to freeze and write to le on the instrument computer with
a predetermined amount of pre-trigger data. These two separate data ac-
quisition modes, continuous-list mode and triggered-trace mode, provide the
greatest amount of information while maintaining economy of data.

Figure 1. Left image: Steel instrument enclosure for HERA. Right image: Plastic EJ-
200 detector (2.5 x 2.5 x 12 inch), a Nal(TI) detector (2 x 2 inch cyl), an ThermoFisher
Scienti ¢ N2 dosimeter mounted above the plastic detector, a GPS receiver just below the
Nal detector, and the instrument computer in black on the right. All signal processing
electronics are contained in the PMT bases of each detector and the data is written to the
instrument computer via USB 1.0.

Data from both acquisition modes are transferred from the detector FPGA
bu ers to the instrument computer via USB 1.0. Because of the throughput
limit of the USB interface, the readout of the triggered trace data leads to
a triggering dead time of several milliseconds. The dead time implies the
possibility of missing subsequent triggers, e.g. a second TGF in a double-
pulse event, or a TGF that terminates a glow if the glow count rate was high
enough to trigger the trace capture and the cut-o event occurs within the
dead-time window. The register value that determines the counter threshold
for triggering is adjustable, allowing the trigger to be tuned to be more or



less sensitive according to what is learned from measured data.

The event list-mode is limited to roughly 10 kcps for lossless data acquisition
during a multi-bu er event like a long glow over many seconds. Within a
single bu er, the throughput of each detector is limited only by pulse pile-up
and the dead-time behavior of the electronics. The Nal detector has a maxi-
mum recorded count rate of 0.4 Mcps. The plastic detector, due to its faster
decay time and narrower pulse, has a maximum recorded count rate of 2
Mcps. How this was determined and the throughput behavior with expected
TGF count rates is discussed in Section 4.2.

The fast decay time of plastic gives HERA the best chance to observe a
TGF at close proximity without saturating the PMT and electronics. The
plastic detector also 0 ers a unigque capability of observing a time delayed sig-
nal of thermalized neutrons. Fast neutrons are created via the photonuclear
reactions YN+ ¥ ¥ N+nand0+ ¥ ®O+n between the TGF gamma
rays and atmospheric nuclei [19]. Fast neutrons will rapidly, on the time scale
of milliseconds, undergo moderation and di usion via elastic scattering with
atmospheric nuclei and possibly the fuselage material of the aircraft and the
fuel tanks in the wings. Most thermalized neutrons will undergo neutron
capture with nitrogen producing a charged proton and carbon-14. However,
a small percentage will be radiatively captured either by atmospheric nitro-
gen or the hydrogen of the plastic detector material [20]. The characteristic
emission of hydrogen thermal neutron capture is a 2.2 MeV photon. In plas-
tic, that emission line would appear as a Compton shoulder around 2 MeVee
[19].

The Nal detector was chosen for its spectroscopic capability. When count
rates are within the throughput limits of the Nal detector, e.g. for a lower
luminosity TGF or a distant TGF, the Nal detector will provide excellent
energy resolution and a possible measure of the TGF energy spectrum. Be-
yond the observation of the main gamma-ray burst we are also interested in
evidence of positron annihilation. TGF associated positrons have two known
source mechanisms. The rst is gamma-ray pair production and would be
observable as a 511 keV photopeak on the same time scale as the TGF gam-
mas. The second mechanism is a consequence of the previously discussed
photoneutron creation. The resulting unstable isotopes of oxygen-15 and
nitrogen-13 decay by positron emission with a half-life on the order of sev-
eral minutes. This isotope decay has only been observed from the ground [20]
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Figure 2: Top: Nal spectrum of a thorium-232 source plotted on a logarithmic scale.
Botton: Plastic spectrum of a thorium-232 source plotted on a logarithmic scale.

with stationary instruments detecting a ’cloud’ of nitrogen-13 and oxygen-15
carried overhead by the wind. It may be possible for HERA detectors aboard
the WC-130J aircraft to traverse this radioactive cloud which produces a 511
keV signal well separated in time from the TGF. Figure 2 shows an example
thorium-232 spectrum of HERA'’s Nal and plastic detectors.

The gain of the Nal detector is set such that its energy range runs from
60 keV to 7 MeV with an ADC to energy conversion of 0.33 keV per ADC
channel. Photon pulses below 60 keV do not exceed the pulse threshold,
which is set to be just above the noise uctuations of the PMT. Any photons
greater than 7 MeV will produce a pulse that saturates the detector electron-
ics. This energy range was chosen to keep the 511 keV line well within the
detector observational thresholds while still being able to detect multi-MeV
photons. The plastic detector gain gives an energy range from 200 keV to
17 MeV with an ADC to energy conversion of 0.66 keV per ADC channel.
In practice however, the increased background count rate at ight altitudes



will likely require the pulse threshold of both detectors to be raised in order
to keep the recorded list-mode count rate from overwhelming the detector
throughput of the instrument.

The TGF mechanism is linked to lightning leader physics. It is essential
to be able to compare in time HERA'’s data with lightning-associated VLF
radio data available from existing databases. Comparing HERA'’s detection
data in time with VLF radio data will enable associating TGFs with speci ¢
lightning events and locations, contextualizing detection events with esti-
mates of distance, and informing analysis of the radiation transport between
an event’s source region and the aircraft. Absolute timing for individual pho-
ton detection is achieved using a pulse-per-second (PPS) signal and National
Marine Electronics Association (NMEA) GPS data packets. The PPS signal
from a GPS receiver is split into three identical outputs. Two of the PPS
signals are routed into the FPGA of each detector electronics base. The ris-
ing edge of the PPS signal triggers the FPGA to insert a pseudo event in the
list-mode data that is ADC clock time tagged and agged as a PPS event.
The third PPS signal is routed, along with the NMEA GPS data packets, to
the serial port of the instrument computer. Using Network Time Protocol
(NTP) and PPS/GPS data packets, the instrument computer clock is con-
ditioned to microsecond absolute timing accuracy. Using a combination of
the computer clock timestamps, the known sampling rate of the ADC, and
the PPS agged events in the list-mode data, the ADC clock values for each
photon event are converted to absolute time.

The nal piece of hardware in the HERA instrument is a self-contained dig-
ital dosimeter manufactured by Thermo Fisher Scienti ¢, model EPD-N2.
The device is capable of measuring the accumulated radiation dose of both
photons from 20 keV to 10 MeV, and neutrons from 0.025 eV to 15 MeV.
The main purpose of the dosimeter is to compare with radiation dose es-
timates using Cosmic Ray E ects on Micro-Electronics software Version 7
(CARI-T7), which is a computational tool developed by the Federal Aviation
Administration (FAA) to estimate cosmic radiation exposure to aircrew and
passengers during ight. This will allow for monitoring of any signi cant
deviations from expected dose, as well as to contribute to validation studies
of the CARI-7 calculations themselves irrespective of TGF observations. A
secondary bene t of the dosimeter is to provide backup dose information to
the main HERA scintillation detectors in the event that a TGF signal is too
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bright for the HERA electronics to process. Although the dosimeter will
not be able to provide timing information, dose data will be collected on a

ight-by- ight basis. If we suspected a TGF saturated the HERA detectors,
we would be able to recover an estimate of the TGF dose by subtracting the
expected background dose from the dose reading of that ight.
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Figure 3: Left Axis: E ective area of each detector with respect to incident photon energy.
Nal in red has an average e ective area of 20 cm? across an energy range of 100 keV to
40 MeV of incident photons. The plastic detector in blue has an average e ective area of
70 cm? across an energy range of 300 KeV to 40 MeV. Right Axis: The expected energy
spectrum of a TGF across an energy range of 40 keV to 40 MeV.

4. Instrument Response

4.1. Monte Carlo Simulations

Geant4 [38, 39, 40] was used to build a mass model of the HERA instru-
ment to simulate the detector material response to mono-energetic photons.
Figure 3 is a plot of the e ective area of each detector with respect to the
range of input photon energies. Understanding the e ective area of a de-
tector is an important step for calculating overall uence and dose. The
e ective area is calculated by taking the ratio of the total number of photon
energy depositions in the detector material to the total incident uence for
each mono-energetic simulation. The average e ective area across an energy
range of 100 keV to 40 MeV is 70 cm? for the plastic detector and 20 cm?
for the Nal detector. Although the e ective area of the plastic detector is
larger, on a per-volume basis, the Nal detector is more e cient, as expected.
To aid in understanding the energy range of interest, an analytical estimate
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of the TGF spectrum given by e E=73MeV where E is the photon energy [3]
is plotted in green.

Nal Response Matrix
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Figure 4: Detector response matrices of the full HERA mass model for both the Nal and
plastic detectors visualized as a 2d histogram. The color gradient can be interpreted as
the probability of energy deposition for any given incident photon energy.

Figure 4 shows a representation of the detector response matrix (DRM)

12



Nal-TGF Response Spectrum

10!
TRy -
3 10 e .
=
2
5107
o
=
810
©
§ Sl Nal response using HERA response matrix
=z 10 = = + Response using isolated Nal scintillator response matrix
Isolated Nal scintillator response
10—9 T T T | ] T
102 101t 10° 10t
Energy Deposited (MeV)
10! Plastic-TGF Response Spectrum
-—- _',,!,!,A{!-.
3 107!
2
]
5107
o
o
8107
©
g 107 —— Plastic response using HERA response matrix
2 = = « Response using isolated plastic scintillator response matrix
Isolated plastic scintillator response
10~° "

1072 107! 10° 10!

Energy Deposited (MeV)
Figure 5: Simulated terrestrial gamma-ray ash detector response spectra for both Nal
(top) and plastic (bottom). Blue dashed curves are the direct energy deposition spectrum
from a Geant4 simulation of a TGF-like energy distribution incident on a simple mass
model of an isolated detector material. The red dotted curves are the response spectrum
derived by using a detector response matrix (DRM), of the simple isolated detector ma-
terial mass model, applied to the TGF-like spectrum. The black curves are the response
spectrum derived by using the full HERA instrument DRM applied to the TGF-like spec-
trum.

for each detector as a two-dimensional histogram, covering all incident photon
energies. Key features such as photopeaks, Compton edges, and energy-
dependent trends such as escape peak lines can be seen. The DRM can be
used to determine the instrument response to a spectrum of incident photons
without the need for additional simulations. Using matrix algebra i.e., matrix
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a with m rows of input photon energies and n columns of deposited photon
energies multiplied by vector x, an energy spectrum of incident photons,
results in a new vector representative of the instrument response spectrum.
This spectrum of deposited energies takes into account the detector material
interactions, as well as the interactions and scattering of the incident photons
with the surrounding material of the instrument.

Nal Spectrum of Cs-137

N HERA Cs-137 Spectrum
[ HERA response matrix applied to 662keV photon list

200 400 600
Energy (keVee)

Plastic Spectrum of Cs-137

EEE HERA Cs-137 Spectrum
[ HERA response matrix applied to 662keV photon list

200 400 600
Energy (keVee)

Figure 6: Real and simulated detector response spectra for both Nal (top) and plastic
(bottom). Blue histograms are the observed spectral response of the HERA detectors to
a Cs-137 radiation source. The black curves are simulated response spectra derived from
applying the detector response matrix (DRM) to a mono-energetic photon list of 662 keV
photons, convolved with a Gaussian resolution function

As a veri cation of the DRM approach, we compare instrument response
spectra using the detector DRMs applied to simulated TGF-like spectra, as
well as mono-energetic spectra for comparison with real HERA calibration
data. The results of the TGF-like simulations are shown in Figure 5 and help
verify the mechanics of the DRM software. In each plot, the blue 'dashed’
curve is the response spectrum from a Geant4 simulation of photons with
the characteristic TGF energy distribution e E=73MeV [3] incident on a sim-
ple mass model of the corresponding isolated detector material. The red
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‘dotted’ curve is the response spectrum derived by applying the DRM, using
the same simpli ed mass model of isolated detector material, to the TGF en-
ergy distribution spectrum previously mentioned. The curves agree very well
as expected. Finally, the black curve is the response spectrum derived from
the full HERA mass model DRM applied to the same TGF energy distribu-
tion. With the addition of the extra material surrounding the detectors (steel
box, aluminum plates, etc.) there is a bump in low-energy counts around 100
keV from photons scattering o the instrument materials before depositing
energy into the detector. Additionally, the 511 keV positron annihilation line
becomes more prevalent in the Nal response.

To validate the DRM approach to the real experimental response we com-
pare HERA spectra using a Cs-137 radiation source with the response spec-
tra derived by applying the full HERA mass model DRM for each detector
to a mono-energetic spectrum of 662 keV photons and convolving the re-
sponse with a Gaussian resolution function, where the standard deviation of
the Gaussian goes as the square root of the deposited energies, taking into
account experimental uncertainties. Figure 6 shows in blue the measured
HERA Cs-137 spectrum, with the e ect of the data acquisition threshold
clearly visible. The black curves are the response spectra made using the
DRM and a mono-energetic spectrum of 662 keV photons. The DRM-derived
spectra are in reasonable agreement with the calibration data, accurately
modeling the 662 keV spectral line in the Nal detector, as well as the 447
keV Compton shoulder in plastic detector. The overall approximate shape of
the Nal response is captured, although the Compton edge and lower-energy
region are not reproduced perfectly. This could be due to background ra-
diation, additional mass in the laboratory setting for photons to Compton
scatter from, which would not be reproduced in the Geant simulation, or to
the nonproportionality of the electron light. In addition, both experimental
spectra have counts at higher energy that correspond to background not in-
cluded in the simulation.

4.2. Electronics Simulations

The expected high peak count rates of TGF events may result in pulse
pile-up and saturation within HERA detectors. Determining quantities of
interest such as the delivered dose necessitates a sophisticated model of the
detector electronics chain. In addition to simulating the material physics re-
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sponse of HERA, we have also developed a simulation of the electronic signal
processing using Python. Using empirical measurements of the HERA PMT
trace outputs we modeled the PMT output pulse using piecewise functions
derived from a butterworth Iter. This allowed us to replicate the normalized
pulse with a modeled pulse in Python that has the same characteristics, i.e.
rise time, turn over, and decay rate of the real PMT pulses. The modeled
pulse can then be scaled to represent pulses of various amplitude (energy).
The software has been designed to simulate a HERA PMT output trace, us-
ing the modeled pulse shape, and to simulate how the electronics processes
the voltage trace into individual photon counts while accounting for sampling
speed, count rates, dead-time, and pulse pile-up behavior. Given a certain
number of counts, energy distribution of those counts, and arrival time pro-

le, the software emulates the output trace of the photo-multiplier tube and
the behavior of the FPGA in processing the simulated trace into a list-mode
data set of single photon (energy, time) events.

Figure 7 shows simulated trace and associated list-mode data for both the
Nal and the plastic detectors. Each simulation was carried out using the same
number of counts, energy distribution, and arrival time pro le. Note that
this study assumes the proportionality of the scintillator light output to the
deposited energy, which does not fully take into account the non-proportional
behaviors of scintillation detectors [41]. 2,000 counts were simulated over 200

s, which is an average count rate of 10 Mcps. We know that such high count
rates are possible when observing a TGF at close proximity. For example,
a ground observed TGF in Japan associated with a tower-initiated upward
positive lightning leader had a count rate estimated to be 5 107 counts in
2 ms or 25 Geps [37]. The DRM-derived TGF response for the full HERA
model of Section 4.1 was used as the energy distribution of the simulated
counts. A log-normal distribution was used to model the asymmetry of TGF
gamma-ray arrival times, which is characterized by a fast increase of count
rate followed by a slow relative decay [42, 24, 43].

The count rate peaks at roughly 21 Mcps averaged over a 75 s window
from 25 s to 100 s. Around the time of highest count rate, the simulated
Nal detector su ers from detector paralysis and records no list-mode counts
(black data points), due to the extreme pile-up of pulses and the resulting
dead-time, before recovering as the count rate drops. The simulated plastic
performs better (e.g. does not paralyze) given its higher throughput, but
during the peak count rate window, it still exhibits pile-up behavior. The
apparent lack of lower energy counts in the aforementioned 75 s time frame
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Figure 7: Simulated PMT output traces and list-mode data for HERA detectors. Each
detector’s characteristic PMT output pulse is emulated by assuming the 40 MHz sampling
speed of the HERA ADC. 2,000 counts (photons) are randomly assigned a speci ¢ energy
using a TGF-like energy distribution as a weighted probability. For each count an arrival
time is assigned, sampled from a log-normal distribution. Starting with the earliest arriving
count the modeled PMT pulse "ADC sample’ data points are scaled in proportion to the
photon energy and added to a baseline trace at the speci ed time. Subsequent counts are
added in the same manner, mimicking the behavior of the PMT output. The list-mode
data (black data points) are generated using the same threshold, integration window, and
deadtime logic as the HERA FPGA. For comparison and to show the extent of data loss
in the list-mode data, the TGF energy and time pro le list that was used to generate the
simulated traces are plotted in green in the list-mode data plot.

is the result of multiple piled-up pulses being integrated and recorded as
several single higher energy photons. For comparison and to show the extent
of data loss in the list-mode data, the TGF energy and time pro le list that
was used to generate the simulated traces are plotted in green in the list-
mode data plot. Figure 8 shows the curves of the recorded count rate in
the list-mode simulations over a range of incident count rates. The behavior
of the detector throughput is visualized by the degree of deviation from the
gray dashed line, which represents a 1:1 relationship between the incident
count rate and the recorded count rate, for each of the count rate curves.
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Figure 8: Nal (red) and plastic (blue) curves of simulated recorded count rate vs incident
count rate. Dashed gray line represents a linear 1:1 relationship between incident and
recorded count rates.

The greater the degree of deviation, the greater the amount of pulse pile-up
until a maximum recorded count rate is reached. This is followed by a sharp
decline in recorded counts due to detector paralysis.

5. Conclusions

The capabilities of HERA have been designed to observe TGFs near their
source and still produce useful and nuanced data. This requires an instrument
that is continuously operating with on-board data processing to limit data
volume. With such high count rate events, pile-up and deadtime are likely,
so it is crucial to be able to save the trace waveform of each event to retain
as much information as possible. By leveraging the parallel processing power
of an FPGA, HERA can self-trigger when deployed and capture the TGF
waveform along with the processed list-mode data. Interpreting the data
requires an understanding of how HERA will respond to various distributions
and count rates of TGF gamma rays. A simulated TGF spectrum that
includes assumptions of source characteristics such as altitude, geometry,
and luminosity can be applied to the DRM to generate an energy deposition
spectrum in each detector. That spectrum can then be used as input for
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the electronics simulation software, generating a simulated trace and photon
event list. Comparing the behavior of the observed data with the simulations
will enable the inference of limits on intrinsic intensities, probable geometries,
and dose rates at the source.
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